Bone remodeling is a tightly controlled mechanism in which osteoblasts (OB), the cells responsible for bone formation, osteoclasts (OC), the cells specialized for bone resorption, and osteocytes, the multifunctional mechanosensing cells embedded in the bone matrix, are the main actors. Increase oxidative stress in OB, the cells producing and mineralizing bone matrix, has been associated with osteoporosis development but the role of autophagy in OB
Introduction
Bone remodeling is a tightly controlled mechanism in which osteoblasts (OB), the cells responsible for bone formation, osteoclasts (OC), the cells specialized for bone resorption, and osteocytes, the multifunctional mechanosensing cells embedded in the bone matrix, are the main actors.
1 The remodeling process is highly active throughout the life and perturbation of this process can lead to many pathologies including osteoporosis. This pathology, due to an imbalance favoring bone resorption over formation, is characterized by increased OB apoptosis as well as an enhanced OC number and activity.
2 Although age-related estrogen deÞciency has long been considered to be the major cause of osteoporosis, the oxidative stress increase associated with aging is now also proposed to be a key factor leading to this pathology. 3
Autophagy is the major catabolic process of eukaryotic cells that degrades and recycles damaged macromolecules and organelles. 4,5 During this process, the cytoplasmic material targeted to degradation is delivered to lysosomes upon sequestration within doublemembraned vesicles that are called autophagosomes. Autophagosomes and their contents are cleared upon fusing with late endosomes or lysosomes, and products of these catabolic reactions can then re-enter anabolic and/or bioenergetic metabolisms. 4, 6 Autophagy occurs at low level in all cells to ensure the homeostatic turnover of long-lived proteins and organelles 7
and is upregulated under stressfull conditions. 8
In the present work, we address the role of autophagy in OB based on several considerations.
First, regulation of bone cell survival/apoptosis is a crucial mechanism in the control of the OB to OC cell ratio, and therefore, in bone remodeling. As autophagy is a cell survival mechanism, its role in the OB could potentially inßuence the balance between bone formation and bone resorption. Second, several autophagy-inducers in non-osteoblastic cells, such as calcium, vitamin D3 and resveratrol are known to be beneÞcial to bone health. 9,10,11 In addition, recent studies demonstrated a link between autophagy and some secretion process 12,13 and one of the main OB functions is extracellular matrix production.
Furthermore, oxidative stress, which can be alleviated by autophagy, appears to be a key factor in the major age-related bone disease, osteoporosis.
3 Finally, a link between autophagy genes and human height and osteoporosis has been recently highlighted in human genomewide association data. 14,15
Here we provide evidence for a direct role of autophagy in the OB intracellular mineralization process, as well as an indirect effect on bone remodeling through the stimulation of osteoclastogenesis. Indeed, autophagy appears to be highly induced during mineralization in OB and its inhibition leads to a drastic drop in the efÞciency of this central OB function in vitro. Further examination of primary autophagy-deÞcient OB displayed elevated oxidative stress level associated with a ten fold increased receptor activator of NF-κB (RANKL) secretion thus driving sustained osteoclastogenesis. Finally, OB speciÞc impairment of autophagy in vivo leads to a signiÞcant loss in trabecular bone in nine month-old female mice.
Results

Autophagy is increased during mineralization in vitro
To address the role of autophagy in OB, we Þrst analyzed the autophagic process during the 6 days course of mineralization in the UMR-106 osteoblastic cell line. Upon autophagy induction, the essential autophagy protein microtubule-associated protein 1 light chain 3 protein (LC3-I) becomes lipidated (LC3-II) and inserts into the autophagosome membrane.
16,17,18 One of the widely used methods to detect autophagy is thus based on the quantiÞcation of the LC3-II protein by western blot. As shown in Figure 1A , we observed an increase in the steady-state levels of the LC3-II protein during the course of mineralization,
suggesting an increase in the number of autophagosomes. An increase in LC3-II level can be due either to an increased autophagosome formation or a block in autophagosome maturation.
To differentiate between these two possibilities, we clamped the LC3-II autophagosome degradation by the use of the lysosomal proton pump inhibitor BaÞlomycin-A 1 .
In
BaÞlomycin-A 1 Ðtreated cells, LC3-II levels were further increased at each time point, suggesting that mineralization is associated with enhanced autophagosome formation. After transfection of a GFP-LC3 construct, autophagosome formation can also be scored by immunoßuorescence microscopy as a transition of LC3 from its diffuse cytosolic appearance to a membrane-associated, punctate intracellular distribution. 20 In the UMR-106 cell line stably expressing the GFP-LC3 plasmid, the LC3 protein mainly exhibited a diffuse localization at day 3, before the emergence of mineralization foci (Fig.1B ). However at day 5,
we observed a global decrease of the GFP signal, associated with the appearance of autophagic cells, especially in the vicinity of the mineralization foci, conÞrming autophagy induction during mineralization. We then analyzed by transmission electron microscopy the autophagic vesicles present in mineralizing UMR-106 cells. As shown in Figure 1C , we observed the presence of double-membraned autophagic vesicles containing needle-like structures resembling crystals that seemed to be released in the extracellular medium. We conÞrmed the crystalline nature of these structures by high-resolution transmission electron microscopy ( Fig.1D ). X-ray microanalysis revealed calcium (CaKα), phosphorus (PKα) and oxygen (OKα) elements as the main components of these needle-like structures (Fig.1E ).
Selected area electron diffraction patterns were measured to obtain the corresponding interplanar distances. The bone mineral hydroxypatite was identiÞed by diffractogram analysis, which showed the presence of two diffraction rings matching the characteristic spacings for hydroxyapatite (3.45 and 2.81 •) (Fig.1F) . Taken together, these data suggest that the autophagic vacuoles could serve as vehicles for mineralization crystals. In agreement with this hypothesis, autophagosomes moving to the plasma membrane can be observed by confocal time-lapse video of mineralizing UMR GFP-LC3 cells (Movie 1).
We then analyzed the autophagic process during mineralization in mouse primary OB isolated from calvariae. Between day 5 and day 12, we observed an 6.6-fold increase in the steadystate levels of the LC3-II protein ( Fig.2A) , suggesting an increase in the number of autophagosomes during mineralization. BaÞlomycin-A 1 treatment caused a 13.7 and 2.5-fold increase in LC3-II levels at day 5 and 12 respectively, indicating that autophagosome formation is enhanced during mineralization, particularly in the early phase. As in the UMR-106 cell line, analysis by transmission electron microscopy of these primary mouse OB during mineralization showed the presence of autophagic vacuoles containing crystal-like structures ( Fig. 2B and C) and X-ray microanalysis demonstrated the presence of calcium and phosphorus ( Fig.1D ) present as hydroxyapatite crystals (Fig.1E) . We then cultured bone explants from the calvariae of Atg5 ßox-ßox Col1A-Cre-and Atg5 ßox-ßox Col1A-Cre+ mice and analyzed mineralization capacity in these cultures. As shown in Figure 4 , we observed a reduced mineralization in bone explant cultures derived from mutant mice compared to the one observed in cultures from control mice. In these experiments, cultures from mutant mice exhibited a high number of large multinucleated cells which were positive for tartrate-resistant alkaline phosphatase (TRAP) staining, suggesting the presence of osteoclast-like cells (Fig. 5 A-B) . Some osteoclast-like cells were also observed in cultures from control mice but were less numerous. As RANKL represents one of the major cytokines involved in osteoclastogenesis, we then measured secreted RANKL levels in cultures from control and mutant mice. Enzyme-linked immunosorbent assays showed that the concentration of RANKL increased 9.7-fold in cultures from mutant mice compared to that observed in cultures from control mice (p < 0.05) (Fig. 5C ). Increased RANKL production was described to be associated with increased oxidative stress in osteoblasts. 27,28,29
Therefore, we next analyzed oxidative stress in cultures from control and mutant mice and observed a signiÞcant increase in reactive oxygen species (ROS) in cultures from mutant mice (Fig.5D ). Finally, we analyzed the expression of different osteoblastic markers in calvariae from control and mutant mice. As shown in Figure 5E , a signiÞcant increase in runt-related transcription factor 2 (Runx2) and osteopontin (OPN) expression was observed in mutant calvarial bones compared to controls, although the collagen mRNA levels remained unchanged.
Atg5 deÞciency in osteoblasts results in decreased bone volume in vivo
To determine the in vivo consequences of Atg5 loss in osteoblasts, we characterized the (Table 1 and Fig. 7 ). Although not statistically signiÞcant, a similar trend was observed in males.
Discussion
The role of autophagy in bone cells was recently highlighted by several studies. 
Materials and methods
Cell culture
The Explant culture from mouse calvariae was performed by cutting calvarial bone in 2 x 2 mm 2 pieces and incubating them for 7 days in -MEM supplemented with 10% fetal calf serum.
The cultures were then maintained for 15 additional days in differentiation media containing CaCl 2 (1.4 mM), ascorbic acid (50 g/mL) and §-glycerophosphate (50 mg/mL).
Mineralization analysis
Mineralization was analyzed after culture in mineralizing conditions during 6 and 11 days for UMR-106 and primary osteoblasts, respectively. After Þxation in 100% ethanol on ice for 1 hour, the cells were stained with 1% Alizarin red S dye (Alfa Aesar 42746) (pH 4.1). After incubation at room temperature for 10 minutes, wells were washed Þve times with deionized water and representative photographs were taken. Mineralized nodules were counted using an optical microscope (10 wells/condition).
TRAP staining and RANKL ELISA
TRAP staining was performed using a leukocyte acid phosphatase kit (Sigma-Aldrich 387A).
After 7-9 days of culture in mineralization conditions, conditioned medium was collected from bone explant cultures and RANKL levels were determined by ELISA according to manufacturerÕs instructions (R&D Systems MTR00). 
Mice
Genomic DNA isolation and PCR
Genomic DNA preparation from cortical bone was previously described (34) . Brießy, after removing the epiphysis of femurs and tibias and ßushing the bone marrow with PBS, the bone surface was scraped with a scalpel. Bone pieces were then digested with collagenase (1 mg/ml 
RNA isolation and real-time PCR
Frozen calvaria were pulverized in a Bessler mortar and pestle cooled with dry ice, and total RNAs were extracted from the bone powder using Trizol reagent (Life technologies Micro-CT analysis rchitectural parameters were analyzed by high-resolution X-ray micro-CT, using the SkyScan-1076 (SkyScan, Aartselaar, Belgium) system for small-animal imaging. Each femur was scanned parallel to its longitudinal axis (60 kV, 148 A). A core of 100 sections, each 11
&m thick (7 mm long) was used for trabecular bone morphometry evaluations with SkyScan
CtAn software. The following factors were measured: total volume, bone volume (BV) and the BV/tissue volume (TV) ratio. Trabecular BV and cortical BV were evaluated separately and the ratio of these two volumes was calculated. Trabecular bone thickness, trabecular number and separation were measured with a semi-automating morphing procedure, from total BV. Cortical thickness was evaluated on 150 sections at mid shaft of diaphysis.
Statistical analysis
The results are expressed as mean ± SD and comparisons were performed using StudentÕs t test except for percentage comparison for which the Kruskal-Wallis test was used. All statistics were computed with MINITAB TM Inc. V12.2 (State College, PA, USA). Results are presented as mean ± SD (n=4). *p < 0.05 vs control by StudentÕs t test. 
